The tension in a filament yarn twisted by two-for-one twister was calculated theoretically by the use of the twisting conditions and this calculation was compared with experimental results.
Introduction
We discussed the method to calculate the tension generated in hard twist filament yarn produced by twofor-one twister by the use of dimensions of the twisting machine and twisting conditions in our previous reporttl'.
Twisting tension was obtained from the analysis of the ballooning thread. Then the ballooning analysis was carried out by considering that the yarn left the cylindrical surface of the package. So theoretical values of twisting tension agreed well with experimental results, but ballooning shapes of each case did not agree with each other. In this report, therefore, we wish to coincide the conditions to truncate the numerical calculation for the ballooning equations with the actual boundary conditions. Applying this method to the air drag on yarn, the linear density of yarn, dimensions of the twisting machine and processing conditions of yarn, this report deals with procedures to calculate the maximum ballooning radius and the angle of the ballooning apex as well as the twisting tension. Results obtained by those procedures were compared with the experimental ones.
Analysis of Ballooning
The way to analyze the ballooning that had formerly been used is as follows1 2, 3 ' . x and y axes were taken on the plane normal to the spindle and z axis was taken to agree with the spindle as shown in Fig.l . The conical portion of rotating parts was named a spindle disk, and their cylindrical portion was named a storage disk.
Though there were various kinds of shape in spindle disks, the conical spindle disk for filament yarn was used in this investigation.
The equations of the ballooning were obtained as following balancing yarn tension, air drag acting on yarn and centrifugal force of yarn. Where Dx, Dy and Dz were components of air drag acting x, y, and z directions respectively. T was the yarn tension, w was the angular velocity of yarn, m was the mass per unit length of yam,' denoted that the differentiation with respect to line element ds and ds was related by following equation.
(ds)2 = (dx)2 + (dy)2 + (dz)2 ..............
K was a coefficient related to air drag and was expressed by following equation.
Where Cd was the air drag coefficient of a cylinder and was assumed to be equal to 1.2. dy was the diameter of yarn related to air drag and pa was the density of air (1.27 kg/m3). Substituting the relation of x2+y2=r2, we can obtain the following equation for the yarn tension T using equations from (1) to (3).
l was the integral constant that indicated the virtual ballooning radius where the yarn tension equaled to zero. Expressions of equations from (1) 
p was the length of the perpendicular line from the original point on the tangent line that touches the projected ballooning curve on x-y plane at a given point. Dimensionless parameters P, R, X, Y and Z were introduced to divide p, r, x, y and z by l respectively and Q=dz/ds.
(
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Equations (12), (13) and (15) were able to be solved by the use of Runge-Kutta-Gill method starting with P=0 and Z=0 at R=0, giving a proper initial value of Q that was less than 1 and changing in the increasing direction of R2 . Letting 0 be the angle between the yarn and x-y plane at the top of the balloon, the initial value of Q was to be sinq5 because Q=dz/ds. R reaches the maximum ballooning 90 radius Rmax when the value of R equaled to P. Then R2 was decreased until the yarn touched the conical surface considering the sign of F negative. A condition was needed to truncate the calculation. The ballooning shape did not agree with the theoretical one because the condition to truncate the calculation was that of the place where the yarn left the cylindrical surface for ballooning in our previous reports 1 . The yarn left the spindle disk that was conical shaped surface on an actual two-for-one twister. It is necessary to obtain the condition that agrees with the practical shape of the spindle disk in order to truncate the calculation.
Considering a cone as shown in Fig. 1 , the following equation expressed its surface if its top angle was to be a. 
The following equation expresses its tangential plane at a given point (x1 , y 1 , -z1).
The condition that a curve whose tangential vector expressed by (dx/ds, dy/ds, dz/ds) was on the tangential plane expressed by eq.(17) or was parallel to it as follows.
dx
In order to eliminate terms of x 1 and y 1 from eq. (18) 
Equation (20) is non-dimensionalized as follows substituting z1 = r/tang, dQ/ds = (1-Q)1"2 and dz/ds = for it.
This equation is to be the condition to truncate the numerical calculation of egs. (12), (13) and (15). Z and R that satisfy the relations in eq.(21) are h/l and b/l respectively, and Z/R equals to h/b . Then h was to be the distance between the yarn guide and the point where a yarn left the conical surface of the balloon height and b was to be the radius of yarn path on the spindle disk at that moment.
The following equation represents the yarn tension at the apex of the ballooning that was named twisting tension T0131. . (22) Equation (22) shows that l/b is necessary to obtain the twisting tension by use of the twisting conditions theoretically. The relation between l/b and Kb/m can be obtained by means of solving eq. (12), (13) and (15) under the truncating condition of eq. (21) for a parameter h/b because µ(b/l)=Kb/m that was indicated by eq.(14). Solid lines in Fig.2 are the relations between l/b and Kb/m at the case of a=30° . These were calculated by the use of a trial-and-error method by giving different initial values of Q until these value meet a given h/b. Then we should note that theoretical values of ballooning R, P and Q were not in existence under the condition of eq.(21) if Kb/m becomes large enough. At larger Kb/m, it has been observed that yarn did not leave the conical surface of the spindle disk into ballooning normally, but the yarn was bent at its upper edge and takes off into ballooning. It was considered that the increase of Kb/m shifts the taking off state of yarn from the condition where the yarn leaves the conical surface to the condition where the yarn leaves the cylindrical surface. Broken lines in Fig.2 show the theoretical curve based on this assumption. We call the balloon represented by solid lines when the yarn leaves the cylindrical surface of the twister naturally "free balloon" and the balloon represented by broken lines when the yarn leaves compulsory the cylindrical surface "forced balloon" , for convenience. In the case of forced balloon, h is the distance between the yarn guide and the upper edge of the spindle disk and b is the radius of upper edge of the spindle disk.
Experimantal Method
. Figure 3 shows the relation between the angle where the yarn was wrapped around the storage disk and the twisting tension To on the condition where the yarn fineness was 7 5 D (8.3 tex), the angular velocity of the spindle disk was 840rad/s and h/d equaled to 8. The wrapped angle was controlled by the weight and the number of ball-tensors. Results of Fig.3 show that the twisting tension was almost constant when the wrapped angle was more than 45^'5 5° . Namely, if the wrapped angle was enough on the spindle disk, difference of yarn tension depending on its hysteresis such as yarn speed or unwinding conditions from the package was compensated by the variation in quantity of yarn wrapped around the storage disk and the twisting tension was only affected by ballooning. It, therefore, can be considered that a two-for-one twister is composed of two portions, one is the down twisting part that is from the yarn package to the storage disk and the other is the up twisting part that is from the storage disk to the top of ballooning. Model up twister device shown in Fig.4 is useful for simplifying the experiment to investigate the twisting tension in the process of ballooning by two-for-one twister. Enough yarn that had been twisted a half of the required twist number to observe the ballooning shape was wound on the cylindrical part of the model spindle (the model storage disk). Ballooning observation was performed by the use of three kinds of model spindle disks whose maximum radii of conical parts were twice as the radii of cylindrical parts and whose generating line having 10, 15 and 30 deg, to the rotating axes. An actual spindle disk for the two-forone twister (the upper edge was 90 mm in diameter and the storage disk was 45 mm in diameter) was also put to the test. Five kinds of polyester multi filament yarn whose fineness, 50, 75, 100, 150 and 250 D (5.5, 8.3, 1 1 . 1 , 16.7 and 27.8 tex), were used in these experiments. The height of yarn guide placed at the top of ballooning was adjusted to test at the desired h/b; the ratio of the ballooning height h to the radius of the spindle disk where yarn leaves: b.
Kb/m can be calculated by the use of m, b which had been measured in the experiment and also K obtained by eq.(8). The yarn diameter for air-drag dy in eq.(8) which was obtained by multiplying the projected yarn diameter d measured by a profile projector, and d was multiplied by the coefficient CD representing the effect of yarn fineness 3 1 shown in Table 1 . The values of m and dy of desired twisted yarn for each condition are also shown in Table 1 respectively. For example, the linear density of non-twisted 250 D polyester yarn is 27.8X 10-6 kg/m, but that of 1,500T/m twisted yarn increases to 38.0X 10-6 kg/m because of its twisting shrinkage. Each yarn being expected to have a constant twist factor, for the product of its twist level and the square root of its linear density is to be a constant. Substituting the value of l/b given by h and b through Fig.2 for eq.(22) , the theoretical value of twisting tension To can be obtained. The ballooning shape was observed by a videocassette recorder with a strobo scope. The twisting tension was measured by the yarn tension meter (Eiko Sokki Co. HS3000) that had been calibrated prior to each measurement.
The relation between the angle of ballooning apex and Kb/m in the case of h/b=8 is shown in Fig.6 either, they were also almost same as those obtained through the model spindle disk of a=30°.
Ballooning analysis based on the basic fomulae derived by C. Mack141 and truncating conditions described above are useful for expressing the ballooning in the two-for-one twister exactly.
Close agreement between experimental and theoretical values in the portion of forced ballooning proves that ballooning shape gradually shifts from the one that leaves conical surface to the one that leaves cylindrical surface. Table 1 Properties of polyester twist yarn used in the calculation of yarn tension. It is necessary that the more ballooning analyses should be performed for the other spindle disks whose vertical angles are 5° or 20° and so on in order to obtain the more exactly theoretical asymptotic-curve. Figure 7 shows the relation between the twisting tension and the angular velocity of the spindle disk ranging from 400 to 1,050 rad/s on the condition where the vertical angle of the model spindle disk was 10° and the nominal yarn fineness was 150 D Solid lines indicated theoretical values. Open circles were experimental values of twisting tension when h/b equaled to 8 and open triangles were those of the time when h/b equaled to 9. Only free ballooning has been observed in the experiment shown in this figure. Results where the tension was proportional to the square of the angular velocity of the spindle disk indicated that the experimental values agreed well with theoretical results. On the other hand, Fig.8 shows the same relation under the condition where the vertical angle of the model spindle disk was 30° and the nominal yarn fineness was 75 D. Only forced ballooning has been observed on experiments in Fig.8 . Solid circles were experimental values of twisting tension when h/b equaled to 8 and solid triangles were those at the time when h/b equals to 9. Solid lines were calculated by the use of l/b read from broken lines in Fig.2 . Also in this case, close agreement between experimental and theoretical values was obtained. As for the other conditions, the twisting tension was proportional to the square of the angular velocity of the spindle disk, and the experimental values agreed well with theoretical results.
Twisting tension
The longitudinal velocity of yarn was proportional to the angular velocity of the spindle in the case of constant twist number of yarn. And the twisting tension was proportional to the square of the angular velocity of the spindle at the same time. Therefore, yarn velocity can be ignored. Calculating method of the twisting tension by eq. (22) by the use of Kb/m was the same as the case of the twister with a false-twist spindle [2 1. In the case of the two-for-one twister, b and h can not help becoming larger under the restriction of the mechanism where the yarn must pass outside of the yarn package. The relation between the twisting tension and the ballooning height on the two-for-one twister is shown in Fig.9 . The actual spindle disk whose vertical angle was 30° has been used in experiments, and the angular velocity of the spindle disk has been kept at 1,050 rad/s. The yarn fineness was 75 D (8.3 tex). Solid circles denote experimental values and the solid line indicates the calculated value. This figure shows that the twisting tension is relatively small even in a two-for-one twister when h/b was less than 3. This gives an explanation of the reputation that the twofor-one twister has a tendency to apply larger twisting tension was caused by large h/b. But taking large value of b for small h/b, on the contrary the twisting tension be- 
Conclusion
The tension in a filament yarn twisting by a two-forone twister was calculated theoretically by the use of the twisting conditions. This calculation was compared with experimental results. Results obtained were as follows.
1) As results of analyzing the balloon theory, the yarn tension can be estimated from the nondimensional number Kb/m and h/b. Where K is the proportional constant for air-drag, b is the radius where the yarn leaves the spindle disk, m is the linear density of the yarn and h is the ballooning height from the point where the yarn leaves the spindle disk to the snail guide.
2) In a two-for-one twister on which the yarn takes off the conical spindle disk, ballooning shape gradually approaches that of the time when the yarn leaves the cylindrical surface with increase in Kb/m.
3) Twisting tension To can be expressed by the following equation.
Where m is the linear density of twisted yarn, w is the angular velocity of the spindle, and l/b is obtained from the relation among the air-drag (K), the linear density (m) and the radius of spindle disk (b). Fig. 9 Relation between tension and balloon height [1] [2]
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